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ABSTRACT 
The mineral tooeleite Fe6(AsO3)4SO4(OH)44H2O is secondary ferric arsenite sulphate 
mineral which has environmental significance for arsenic remediation because of its 
high stability in the regolith. The mineral has been studied by X-ray diffraction 
(XRD), infrared (IR) and Raman spectroscopy. The XRD result indicates tooeleite can 
form more crystalline solids in an acid environment than in an alkaline environment. 
Infrared spectroscopy identifies moderately intense band at 773 cm-1 assigned to 
AsO33- symmetric stretching vibration. Raman spectroscopy identifies three bands at 
803, 758 and 661 cm-1 assigned to the symmetric and antisymmetric stretching 
vibrations of AsO33- and As-OH stretching vibration respectively. In addition, the 
infrared bands observed at 1116, 1040, 1090, 981 and 616 cm-1, are assigned to the 3, 
1 and 4 modes of SO42-. The same bands are observed at 1287, 1085, 983 and 604 
cm-1 in the Raman spectrum. As3d band at Binding energy of 44.05 eV in XPS 
confirms arsenic valence of tooeleite is +3. These characteristic bands in the IR and 
Raman spectra provide useful basis for identifying the mineral tooeleite. 
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1. Introduction 1 
The mineral tooeleite Fe6(AsO3)4SO4(OH)4·4H2O was discovered at the U.S. 2 
Mine, Tooele Country, Utah in 1991 by Cesbron and Williams [1]. The mineral was 3 
formed in the waste dumps from primary granular pyrite and arsenopyrite minerals 4 
which were disseminated in catogenic quartz diopside ores. The mineral has also been 5 
found in arsenic-bearing acid mine drainage at Carnoulès creek, France [2, 3] and in 6 
the acid hydrometallurgy wastes in São Bento gold mine, Brazil [4]. The valance of 7 
arsenic in Tooeleite was corrected from +5 to +3 recently, as determined by Morin and 8 
Nishimura et al., [1, 3]. The mineral is typically cadmium orange to brownish or 9 
yellowish in colour [5] and is triclinic as listed by the IMA (International 10 
Mineralogical Association). The crystal data was corrected from orthorhombic to 11 
monoclinic structure, space group C2/m [3], and the cell dimensions are a = 8.9575 Ǻ, 12 
b = 6.4238 Ǻ, c = 9.7912Ǻ, β = 96.032°, unit-cell volume (V) = 560.27 Ǻ3.      13 
   14 
There have been some spectroscopic studies using both infrared and Raman 15 
spectroscopy of aqueous arsenite species and arsenite containing minerals [6-9]. The 16 
interest in tooeleite research mainly stems from its controlling of arsenic transport in 17 
acid mine drainage and its potential significance of fixing arsenic (III) in 18 
hydrometallurgical processing [1, 2, 4]. However, no spectroscopic studies of this 19 
mineral have been undertaken. The aim of this paper is to report the infrared and 20 
Raman spectra of tooeleite and to relate the spectra to the structure of the mineral. 21 
 22 
2. Materials and methods  23 
4 
 
The mineral tooeleite was prepared by mixture 1 L acidic 0.1335 mol/L As(III) 24 
solution (equivalent to 1 g/L As, pH=1.3) and 1 L 0.1335 mol/L Fe(III) solution in 25 
constant-temperature double-layer glass reaction kettle at 95 °C. The As(III) and 26 
Fe(III) solutions were prepared by diluting NaAsO2 and Fe2(SO4)3XH2O with 27 
distilled water. More SO42- ions were provided by diluting Na2SO4 solution with high 28 
SO42-/AsO33- ratio. The pH of mixed solution was adjusted to pH=2 by injecting 0.1 29 
mol/L NaOH as 5 ml/min flow rate. The mineral began to form at pH=1.8. The 30 
suspension solution was aged and agitated at 50 rpm under 95 °C for 2 h, and then 31 
filtered by 0.25 m membrane. The precipitate was washed by distilled water and 32 
dried at 80 °C for one day, and then ground with an agate mortar. 33 
 34 
2.1. X-ray diffraction  35 
X-ray diffraction patterns of mineral were collected using a PANalytical X’Pert 36 
PRO X-ray diffractometer (radius: 240.0mm). Incident X-ray radiation was produced 37 
from a line focused PW3373/10 Cu X-ray tube, operating at 40 kV and 40 mA with 38 
Cu K radiation of 1.540596 Å. 39 
 40 
2.2. Infrared spectroscopy  41 
Infrared spectra of the mineral were collected using a Nicolet Nexus 870 FTIR 42 
spectrometer. Spectra over the 4000-400 cm-1 range were obtained by the co-addition 43 
of 64 scans with a resolution of 4 cm-1 and a mirror velocity of 0.6329 cm/s. 44 
 45 
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2.3. Raman spectroscopy 46 
A Raman microscope installed with a 514 nm diode laser together with Leica 47 
DMLM optical microscope was used to characterize the tooeletite sample. The 48 
measurement was done in a darkened room and was taken using a 50× objective with 49 
a grating scan over the region 2500-150 cm-1. The scan time was 10 s and three scans 50 
were accumulated per measurement. 51 
 52 
Spectroscopic band component analysis was undertaken using the Jandel 53 
‘Peakfit’(Erkrath, Germany) software package which enable the type of fitting 54 
function to be selected and allowed specific parameters to be fixed or varied 55 
accordingly. Band component analysis is quite useful for locating accurate position of 56 
separated band and giving insight in changes in the spectral profile. Band fitting was 57 
done using a Lorentz-Gauss cross-product function with the minimum number of 58 
component bands used for the fitting process. The Lorentz-Gauss ratio was 59 
maintained at values greater than 0.7 and fitting was undertaken until reproducible 60 
results were obtained with squared correlation (r2) greater than 0.99.  61 
 62 
2.4. X-ray photoelectron spectroscopy 63 
A Thermo ESCALAB 250 XPS system with Al K radiation as the exciting source was 64 
used to measure the tooeleite sample. The binding energies were calibrated by 65 
referencing the C 1s peak (284.6 eV) to reduce the sample charge effect. 66 
 67 
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3. Result and discussion  68 
3.1. X-ray diffraction (XRD) 69 
Fig. 1 shows the XRD patterns of Tooeleite synthesized under various pH. The 70 
minerals have identical pattern with PDF44-1468, showing that all samples are 71 
crystalline tooeleite without any other phases. Characteristic of these patterns is the 72 
obvious decrease in intensity and broadening of the basal reflections (020) with 73 
increasing pH values, indicating both a lower crystallinity and smaller crystallite size. 74 
In terms of smaller crystallite size having more specific area and easily soluble, the 75 
results indicate that the lower synthesis pH results in the formation of a more stable 76 
tooeleite. 77 
 78 
3.2. FT-IR spectroscopy  79 
Fig. 2 shows the FT-IR spectrum in the region between 400 and 4000 cm-1. The 80 
region between 3000 and 3800 cm-1, known as the OH stretching region, is 81 
characterized by bands at 3096, 3226, 3352, 3447 and 3552 cm-1 [Fig. 2(a)]. The 82 
bands at 3096-3352 cm-1 are attributed to OH stretching band of absorbed H2O and 83 
two bands at 3447 and 3552 cm-1 is ascribed to OH stretching band of structural H2O 84 
[10]. A strong band at 1637 cm-1 is readily attributed to be bending of H2O [11] and 85 
two broad bands at 1696 and 1556 cm-1 are probably due to be C=O vibration [12] .   86 
 87 
Structural SO42- of tooeleite crystal exhibits four fundamental vibrations: the 88 
nondegenerate symmetric stretching mode 1, the doubly degenerate bending mode 2, 89 
the triply degenerate antisymmetric stretching mode 3 and the triply degenerate 90 
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antisymmetric bending mode 4. The bands at 981, 450 and 616 cm-1 are attributed to 91 
1, 2 and 4, respectively [Fig. 2(b) and (c)]. The degenerate 3 mode of SO42- of 92 
tooeleite crystal is found to be split into three bands at 1116, 1040 and 1090 cm-1 [Fig. 93 
2(b)], although the vibrational mode theoretically occurs at 1105 cm-1 [13]. These 94 
results are in agreement with the previous works. Gomez et al. have reported that 3 95 
mode splits into thee bands at 1167, 1040 and 1094 cm-1 for a basic ferric arsenate 96 
sulfate (Fe[(AsO4)1-x(SO4)x(OH)x]wH2O) [14]. The bands at 512 and 476 cm-1 of 97 
tooeleite are assigned to 2 bending modes of SO42-, which are common with the 98 
bands at 506 and 470 cm-1 of clinotyrolite reported by Frost et al. [15]. 99 
 100 
AsO33- has a planar triangular shape. The infrared spectrum of arsenite of tooeleite 101 
occurs in the 400-900 cm-1 spectral range, as illustrated in Fig. 2(c). A moderately 102 
intense band is observed at 773 cm-1 and is assigned to As-O stretching vibration. 103 
As-O stretching vibration of As(OH)3 solution at pH=5 has been reported at 795 cm-1 104 
[6]. A weak band at 734 cm-1 is assigned to antisymmetric stretching 3 vibration of 105 
AsO33-. The previous report shows that 1 and 3 of AsO33- of nealite occurs in 708 106 
and 732 cm-1. The observed difference of band position between tooeleite and nealite 107 
may be due to difference in pH, tooeleite forms in very acid environments (pH=2), but 108 
nealite forms in neutral and alkali environment (pH>7). Different pH environments 109 
can result in protonation of AsO33- species and affects the band shift. A very low 110 
intensity band observed at 835 cm-1 is attributed to the AsO43- 1 symmetric stretching 111 
mode [15-17]. The presence of this band provides spectroscopic evidence for the 112 
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oxidation of the AsO33- to AsO43-. It should be pointed out that this oxidization 113 
phenomena was not revealed by XPS (Fig. 3). In Fig. 3, an obvious peak is observed 114 
with binding energy of 44.05 (eV), thus indicateing that the As valence in tooeleite is 115 
+3.  No signal for As5+ in the XPS was observed This is agreement with the result of 116 
Nishimura and Robins who claimed that As3+ and As5+ binding energy occurs in 44.0 117 
and 45.7 eV [1, 18].       118 
 119 
3.3. Raman spectroscopy  120 
The Raman spectrum of tooeleite is shown in Fig. 4 and 5. Two moderately intense 121 
Raman bands at 803 and 661 cm-1 and two very weak Raman bands at 870 and 758 122 
cm-1 are observed. The bands at 803, 758 and 661 are assigned to the symmetric and 123 
antisymmetric stretching vibrations of AsO33- and As-OH stretching vibrations. 124 
Previous density functional theory (DFT) calculations indicated the 804 and 763 cm-1 125 
bands are assigned to the As2O42- symmetric stretching vibrations [8]. It was reported 126 
that the crystal structure of tooeleite consists of corner and edge sharing FeO6 127 
octahedra linked by corners and edges to AsO3 pyramids with no polymeric AsO3 128 
groups in tooeleite [3]. Szymanskl et al. [19] observed the intense Raman spectrum of 129 
M3AsO3 (M=metal) occured in 670 cm-1. Frost and Bahfenne [20] observed five 130 
Raman bands for reinerite (Zn3(AsO3)2) at 658, 722, 752, 772 and 804 cm-1 and 131 
deduced these bands originated from the AsO33- antisymmetric stretching vibrations. 132 
Compared to the IR spectrum of tooeleite (Fig.2) the band observed at 773 cm-1, 133 
tooeleite has no Raman equivalent at this wavenumber. The other two Raman bands at 134 
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803 and 758 cm-1 for tooeleite display in accordance with the result of reinerite. The 135 
weak band is observed at 870 cm-1 and is assigned to the symmetric stretching 136 
vibration of As-O of AsO43-[6, 21]. It suggests that oxidization of AsO33- to AsO43- 137 
exists in the tooeleite, confirming the IR result. 138 
 139 
   For SO42-, four fundamental vibrations of SO42- are all Raman active and should 140 
occur at 983, 450, 1105 and 611 cm-1 under ideal symmetry, and are assigned to the 141 
nondegenerate symmetric stretching, the doubly degenerate bending stretching, the 142 
triply degenerate antisymmetric bending vibration and the triply degenerate 143 
antisymmetric bending vibrations [14].  In Fig. 4 and 5, above three bands are 144 
observed at 983, 438 and 604 cm-1, other one band at 1105 cm-1 is found to be split 145 
into two bands respectively at 1287 and 1085 cm-1. The same two bands were 146 
observed in the Raman spectrum of orschallite at 1215 and 1096 cm-1 and also were 147 
assigned to 3 asymmetric stretching vibrations of SO42- [22].  148 
 149 
4. Conclusions  150 
The mineral tooeleite is one of those minerals of potentially environmental 151 
significance for arsenic (III) solidification. It is formed through secondary 152 
mineralization in arsenic-containing acid mine drainage and mine wastes. Low pH 153 
environmental benefits for formation of more high crystalline tooeleite. The IR and 154 
Raman spectra of the mineral tooeleite have been obtained for the first time. The IR 155 
and Raman spectra are simple due to only isolated AsO3 pyramids occured in tooeleite. 156 
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The tooeleite could be identified by comparing these characteristic bands occurring at 157 
1116, 773, 616 cm-1 for IR and 1287, 803, 661, 664 cm-1 for Raman spectra.  158 
 159 
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